The rapid pace of research in the field of genetics has already yielded many benefits. The development of new genetic tests is one such example. Before there can be widespread uptake of these tests they need to be evaluated to confirm the benefits of their use. The authors review some of the key features of the evaluation of diagnostic tests focusing on analytical and clinical validity. Test properties such as sensitivity, specificity, likelihood ratios, positive and negative predictive values, and how they relate to molecular genetic testing are discussed. 
The rapid pace of development in the field of genetics has increased our knowledge of the molecular basis of disease. This information is now being applied to the development of genetic tests, which it is hoped will enable clinicians to improve the care they provide for their patients. These efforts should be supported but it is essential that the tests are appropriately evaluated before widespread dissemination in clinical practice. There is evidence that diagnostic tests of all types, not just molecular genetic tests, are often implemented without adequate appraisal; the dexamethasone suppression test as a diagnostic aid for depression is one such example. [1] [2] [3] Diagnostic tests account for a significant proportion of health care budgets in the developed world; the potential availability of genetic tests will increase these numbers, and the benefits of further investment will need to be demonstrated.
We believe that genetic tests, by virtue of their use of DNA based technologies, give rise to few if any special or specific issues, but that, by focusing on their evaluation, issues that are relevant to all diagnostic technologies are raised. The transfer of tests developed in a research setting to clinical practice can present considerable difficulties. We present aspects of diagnostic test evaluation as it relates to molecular genetic testing and illustrate some of the problems that can be encountered. We also intend to show that a number of the issues are conceptual in nature, rather than technical or epidemiological. These are primarily about our understanding of the term "disease," one that may differ according to whether the disease in question is a single gene disorder or some other more complex entity.
TEST CHARACTERISTICS AND THEIR DEFINITIONS
A genetic test has been defined as the analysis of human DNA, RNA, chromosomes, proteins, and certain metabolites in order to detect heritable disease related genotypes, mutations, phenotypes, or karyotypes for clinical purposes. 4 There are many problems and issues that surround this definition; it will not be possible to address these in this review. 5 For our purposes, we focus on the concept of a gene test, defining that as one based on the analysis of human DNA using a variety of different technologies. In this review, any reference to a genetic test will be taken to refer to a gene test. We also note that a test may seek to predict or determine the susceptibility to, or probability of, developing disease in the future, as well as to establish a diagnosis in someone with clinical signs and symptoms.
Considerable work has already been performed to establish a framework for the assessment of genetic tests. 6 -9 These have focused on four key areas: analytical validity, clinical validity, clinical utility and the ethical, legal and social implications. In this review, we confine our discussion to analytical and clinical validity; we shall discuss their use in both single gene disorders and complex disorders.
The analytical validity of a genetic test defines its ability to measure accurately and reliably the genotype of interest. Clinical validity defines its ability to detect or predict the presence or absence of the phenotype, physical trait, clinical disease, or predisposition to disease. 6 Measures of test performance are well described in textbooks of clinical epidemiology and are based around the concepts of sensitivity, specificity, and positive and negative predictive values (NPV, PPV). Analytical sensitivity is the probability that the test detects the specific mutation or those mutations that the test was intended to detect; analytical specificity is the probability that the test does not detect specific mutations or mutations that are not present. Slightly differently, clinical sensitivity is the probability of a positive test result when disease is present. Clinical specificity is the probability of a negative test result when disease is absent. PPV and NPV are calculated for both analytical and clinical validity. In analytical validity, PPV is the proportion of samples with positive test results that have the mutation of interest and NPV is the proportion of samples with negative test results that do not have the mutation of interest. In the case of clinical validity, PPV is the proportion of patients with positive test results that have the disease and NPV is the proportion of patients with negative test results that do not have disease.
All these measures may be calculated by presenting the results of the test and disease (or mutation status) in a 2 ϫ 2 table as shown in Table 1 .
A complication arises with predictive and predisposition testing. In this situation, the "true" categorization of disease can only be made after the passage of time. It can be debated whether the 2 ϫ 2 table approach is appropriate for these forms of testing.
The characteristics of a test are critically influenced by the population on which the test is performed and on the prevalence of disease in that population. The sensitivity and specificity of a test remains constant as the prevalence of disease changes, but the positive and the negative predictive values vary with disease prevalence, especially for tests of low sensitivity and specificity. This property allows the sensitivity and specificity findings from a study performed on one population to be applied to other populations with different disease prevalence. However, this assumption holds only as long as the clinical spectrum of cases in the diseased and nondiseased groups remain the same in the two populations, 10 in other words, if there is no spectrum bias or selection bias that might differentially affect the definitions of disease and nondisease. 11, 12 The likelihood ratio (LR) is also an important measure of the clinical validity of a test. It is derived from the test sensitivity and specificity and expresses the odds that a particular test result would be expected in a patient with the target disorder. For example, the positive LR is the probability of a positive test result in the presence of the disease divided by the probability of a positive test result in the absence of the disease. Because the LR is a function of sensitivity and specificity, it will also only be stable between populations if the clinical spectrum is the same.
In order to establish the analytical and clinical validity of a genetic test, controls need to be included in the assessment. For analytical validity, negative controls are samples that are known not to have the mutation of interest; whereas for clinical validity the controls are individuals that do not have the phenotype of interest according to the disease case definition. It is only through the use of such controls that an accurate assessment of specificity can be made. If possible, the analysis of the results of the tests should be blind to the disease status of participants. This will minimize test review bias. 13 Failure to use controls will critically undermine any performance measures obtained.
THE APPLICATION OF GENETIC TESTS
Genetic tests may be performed for a variety of purposes. These include the following: (1) Diagnostic testing to confirm or rule out a known or suspected genetic disorder in a symptomatic individual; (2) Predictive testing to determine the probability of asymptomatic individuals who are suspected of having an inherited disorder developing the clinical manifestations; (3) Susceptibility (or predisposition) testing to determine the risk or probability that individuals with the genetic mutation will develop a particular disease; (4) Carrier testing to identify individuals who have a gene mutation for a disorder inherited in an autosomal recessive or X-linked recessive manner; (5) Prenatal testing to determine during pregnancy whether there is an increased risk of having a child with a genetic condition; and (6) Population screening to identify asymptomatic individuals from within a particular community or a subsection of that community who have an increased chance of having a specific genetic disorder, of carrying a specific genetic predisposition to disease, or of being a carrier of a recessive genetic variant.
Genetic tests are also heterogenous in nature and the exact characteristics of a particular genetic test to be evaluated must be tightly defined. A particular genetic condition may be caused by more than one gene, locus heterogeneity; or by more than one variant within the gene, allelic heterogeneity. These variations may be due to deletions and insertions, which are not detected by routine sequencing methods. When describing a test, the gene(s) and the mutations within in it (or them) must be specified in detail. These complexities make it essential when talking about a genetic test, or undertaking its evaluation, to be clear about the following: (1) the objective and scope Table 1 Measures of test performance of the test; (2) the population in which the test is being performed; and (3) the purpose for which the test is being performed.
The term "genetic test" is therefore shorthand to describe a test (1) to detect a particular genetic variant (or set of variants), (2) for a particular disease, (3) in a particular population, and (4) for a particular purpose. Evaluation should not proceed until and unless all four factors are formally defined; nor should it be assumed that once the characteristics of a genetic test are evaluated for one of these reasons, that the evaluation will hold or be useful for other purposes. A test's performance will, for example, vary considerably between a clinic setting and the community, in part because of the different prevalence of disease in the two populations. The clinical sensitivity and the positive predictive value of an unspecified BRCA test for breast cancer will, for example, depend critically on whether the test embraces both BRCA1 and BRCA2 and on the proportion of coding sequences that are tested for in each gene. The set of mutations that the test is designed to detect should be defined and its limitations described.
All the measures of test performance should be presented with their 95% confidence intervals. Standard statistical software packages will be able to carry out these calculations. There is a risk that some genetic test evaluations will only be able to include data on a small number of cases and hence the confidence intervals will be wide. It should become standard practice to establish appropriate sample sizes for determining acceptable specificity and sensitivity 6, 14 and include these in pilots. 4 The performance of a test during a pilot study may also be significantly better than the experience of using the same test on a standard care basis. An analogous situation is found in medical research when the performance of research studies (efficacy) is noted to be different from that seen in practice (effectiveness). For genetic tests, this can be monitored through quality assurance programs.
CONCEPTUAL ISSUES IN THE EVALUATION OF GENETIC TESTS
Epidemiology is entirely dependent on accurate case definition. An accurate definition of the reference standard by which disease status is established is therefore crucial; without such a definition it will not be possible to assign individuals to the disease positive and disease negative categories. This requirement holds for all types of tests. The usual problem is not a failure to distinguish the difference between disease and nondisease, but of (1) deciding what criteria should be used to make the distinction and (2) operationally assigning individuals to these two categories using the chosen distinction. If we wish to study the characteristics of certain tests for the diagnosis of colon cancer, there is little that is conceptually complex about what we mean by colon cancer as distinct from entities that are not colon cancer. The difficulties lie in the clinical reference standard or standards that we might employ in order operationally to partition individuals into the colon cancer or noncolon cancer groups.
For genetic disorders, there is a further problem, not usually encountered in nongenetic conditions. There appears to be genuine lack of agreement about the exact conceptualization of a genetic disease and of its definition. The "disease" is sometimes defined phenotypically by the presence of certain symptoms and signs, and at other times genotypically by reference to the mutations that give rise to the disease. Some may suggest that the definition of a genetic disease should require both the clinical manifestations and the presence of one or other mutation, whereas others will believe that the presence of either the clinical features or the mutation suffices for a definitive diagnosis.
For example in Huntington disease, the presence of the characteristic neurological and psychiatric features will certainly elicit a response that the patient "has the disease." Some authorities will also say that an asymptomatic individual with the relevant mutation "has the disease," whereas others will not and will insist that such an individual only has a predisposition to the disease. At the other end of the spectrum, it is unlikely that any asymptomatic individual shown to have a high-risk HFE genotype, for example, a C282 years homozygote, would be labeled as having hemochromatosis. However, it is problematic how one should categorize an asymptomatic individual where the probability of developing clinical manifestations is not so clear-cut. In hereditary nonpolyposis colon cancer (HNPCC), most geneticists would argue that both those with clinical (Amsterdam) criteria and those possessing associated genes, MLH1, MSH2, and PMS2, should be regarded as "having the condition"; in other words, that HNPCC should be defined by the Boolean OR joining phenotype and genotype. But is this correct? Is HNPCC to be conceptualized as either a genotypic or phenotypic diagnosis?
A genetic disease, disorder, or phenotype can be difficult to define. We believe that, for the purpose of test evaluation, the definition must be made either by reference to clinical features or by reference to genotype, and that to suggest that a disease can be defined by reference to a combination of both clinical features and genotype is conceptually unsound. We suggest that the use of phenotype is at present probably more appropriate. All genetic diseases can be defined clinically. In some, for example, tuberous sclerosis complex (TSC), cases have been formally classified "definite," "probable," and "possible" on the basis of consensus criteria. 15 An alternative approach may be to use the genotype to define the genetic disease. But in this case, the "test" at issue would be a different technology of mutation detection than that used by the reference test to establish genotype. It would also be possible in these circumstances to evaluate the performance of a set of clinical criteria used to define the disease of interest against the reference genotype. For example, the performance of the clinical criteria used to diagnose TSC cases involving the presence of major and/or minor disease features can be assessed with reference to the genotype status. The results would indicate how well the clinical criteria performed as
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ANALYTICAL VALIDITY
Tests in practice rarely perform in a technically perfect manner with 100% sensitivity and specificity; false positives and false negatives will occur as well as results that cannot be interpreted with any degree of confidence. This problem is as likely to affect genetic as nongenetic tests.
Technical failures during testing may be handled analytically in many different ways. If all of these are classified as negative then the sensitivity estimate is decreased, whereas if they are all classified as positive, the specificity is decreased. If the results are not included in the assessment at all then both these test characteristics will be inflated. However, in specific conditions, where the numbers of uninterpretable test results are known not to be dependent on the underlying disease or on whether the test result would have turned out positive or negative, the estimates of sensitivity or specificity in which these are ignored will lead to unbiased estimates. 16 In clinical practice, technical failures are resolved by repeat testing or sampling. However, when formally evaluating the characteristics of a test, the repeat testing results should not be included in the calculations of test performance.
Another difficulty found with genetic testing is that mutations will be identified that cannot be confirmed definitively to be either normal variants or definitely pathological, despite the use of reference databases and the further testing of relatives. One possible method of dealing with these uncertain mutations is to treat such results as uninterpretable.
The reference standard when estimating analytical validity is another test, which has established the presence or absence of the mutation(s) of interest in the samples for evaluation. The analytical validity only describes the test's performance at identifying the stated mutations. It should be possible to achieve analytical sensitivity and specificity close to 100%. 17 The description of the analytical performance of a test should therefore include not only the testing methodologies but also the exact description of the mutations that were tested for. A change in the number and types of mutations used in an evaluation could affect the analytical results for a test.
CLINICAL VALIDITY
The concept of clinical validity is valid only if the disease definition includes the phenotype for a particular condition.
A test is usually evaluated by comparing its results on individuals known to have the disease against those without. Inevitably there will be individuals without disease who have positive test results, the false positives (Table 1) ; as well as those with disease whose test results are negative, the false negatives ( Table 1) .
The problem in the case of highly penetrant single gene disorders is that the geneticist finds it difficult to accept that those in the false-positive group (with a positive test but without disease) are "real" false positives. The test result will be interpreted as suggesting that the individual concerned has a predisposition to the disease, or that he or she "has the disease" but has failed as yet to show any manifestations. The concept of "penetrance" will be used to justify such an interpretation, and the "fault" will be laid not on the test, but on the premise that a "disease positive" individual had been wrongly assigned to a "disease negative" group, a misclassification error. The idea that an individual, without manifestations of the disease but showing a positive genetic test might in fact be a "true" or "real" false positive will be dismissed. This provides further evidence for the need to include a sufficient number of controls when evaluating the performance of a test. Controls serve to confirm whether there are any true false positives. Three reasons exist for finding a false positive: (1) the test is not one of perfect analytical specificity; (2) the correct genotype has been identified but the phenotype is not present because of reduced penetrance; (3) the disease has been clinically misclassified.
False-negative tests are more easily understood. The assumption is made that the presence of the clinical condition necessarily entails the presence of a pathogenic mutation that a test of perfect analytical validity should identify. Four reasons exist for not finding such a mutation: (1) the test is not one of perfect analytical sensitivity; (2) genes other than the one tested for are responsible for the disease (genetic heterogeneity); (3) variants other than those tested for are responsible for the disease (allelic heterogeneity); (4) the disease has been clinically misclassified.
An important contributor to the clinical misclassification of affected individuals is expressivity. Expressivity is the degree to which an inherited characteristic is expressed in a person. This is different from penetrance, which is the probability that the disease will be expressed. If fully penetrant, all individuals will show some manifestations of the disease but because of variable expressivity the severity of the manifestations will differ from patient to patient. Some of the cases will have such mild signs or symptoms that although affected they will be clinically misclassified as unaffected individuals.
False-negative results in individuals with disease may also be found when there is mosaicism, where only a proportion of cells contain a mutation. This occurs in genetic conditions caused by sporadic mutations, for example, tuberous sclerosis complex. In this case, false-negative results may occur because of the small number of cells containing the mutation in the sample being tested. 18 If the prevalence of a genetic condition is low in the population being tested, for example, 1 in 25,000, and a relatively small number of tests have been performed (perhaps 2,000), then it is unlikely that the test will have identified a true or false positive. This will result in uninterpretable results for the performance of such a test. However, a Bayesian approach, which involves updating the prior probability distribution for the condition to a revised posterior distribution incorporating the results of a test in practice, may allow some reasonable estimate of test characteristics to be used. A detailed explanation of this approach has been published elsewhere. 19 For many genetic diseases, knowledge of the spectrum of mutations is not complete and a particular molecular genetic test may not be able to detect all the different mutations that may be responsible for causing the disease. The idea that there might be a molecular test reference standard that could include each and every pathogenic mutation is only a theoretical possibility. A particular test will only be able to detect a proportion of the mutations present in the diseased group even if performing perfectly. These considerations have led to the development of the term "detectable" mutations. 6 Two separate concepts of clinical validity are therefore used in the literature. One by assessing the test's performance against all possible pathogenic mutations, including those not expected to be identified using that method; the other against only those mutations ("detectable mutations") that are deemed detectable using that technique based on estimates from mutation surveys and present knowledge of pathological mutations. The latter will produce higher values of clinical sensitivity and specificity.
IMPERFECT REFERENCE STANDARD
The use of a clinical reference standard will not result in a perfect evaluation even if there is consensus on the definition of disease among clinicians. This is because there will inevitably be difficulties in specifying the exact diagnostic criteria corresponding to the definition, and because clinical judgment involving intra-and interobserver variation will cause individuals to be misclassified. The degree of imperfection is nearly always unknown. Use of an imperfect reference standard to determine disease status will significantly affect test characteristics and will, provided the test and the reference standard are independent of each other, lead to an underestimate of its sensitivity and specificity. The test's sensitivity will be most accurately estimated when the disease prevalence is high, its specificity when disease prevalence is low. 20 The positive and negative predictive values, however, may be biased either positively or negatively. 21 Published methods are available to establish unbiased estimates of sensitivity and specificity when the accuracy of the reference standard is not known but these can be complicated and difficult to use. 22 Another approach that has been used to address the issue of an imperfect reference standard is discrepant analysis. 23, 24 This type of analysis involves looking at the group of false positives (Cell b, Table 1 ). If investigators believe that the test under evaluation is more sensitive for predicting the presence or risk of disease than the reference standard, it is possible to perform a second different test on the false positives. A proportion of Cell b cases will be positive with this second test and the analysis is adapted by defining a new reference standard to allow these to be added to Cell a (Table 1) cases. This form of discrepant analysis results in estimates of the sensitivity and specificity that are greater than their "true" value and invariably favors the new diagnostic test under assessment. An example that illustrates this method involves the comparison of a plasmid based ligase chain reaction (LCR) test to the reference standard of cell culture for C trachomatis. The false positives for the LCR test underwent further testing with a PCR test, which identified a proportion of these false positives to be true positives. The 2 ϫ 2 table was then modified to include these true positives and the resulting sensitivity and specificity values were higher. 25 We, in common with others, believe this to be a biased approach and should not be used in the assessment of genetic tests. If a further test is to be used in the assessment process then it should be applied to all cases, not just the false positives. The performance of the combined tests can then be assessed appropriately. Discrepant analysis fails to adhere to the important principle, that the reference standard should not include tests that are dependent on the new test being evaluated. [25] [26] [27] Other approaches used for the problem of imperfect reference standards include the following: (1) Composite reference standards: the results of several, imperfect tests are combined to define a composite reference standard (which must exclude the new test). 28 This approach uses several sources of information sequentially, so avoiding redundant testing. It does not depend on the new test's results, in contrast to discrepant analysis. (2) Latent class analysis: this method recognizes that the true status of an individual is unknown (or latent) and relates the observed diagnostic test results to the unknown truth using a statistical model. 29 A minimum of three imperfect reference standards must be performed on each specimen. The basic method assumes that each test is independent of the others. This assumption is not always true but there are ways of dealing with conditional dependence statistically.
CONCLUSION
We have discussed some of the issues involved in the evaluation of genetic tests, concentrating on two particular test performance measures, analytical and clinical validity. However, this is only part of the much larger evaluation process and many other factors, such as clinical utility, need to be considered as well. 6 This process can be complex but with appropriate support and resources, should after several cycles become quicker and more efficient. The subject is as yet poorly developed, but as experience is gained in the regular evaluation of genetic tests new insights will emerge and greater understanding will result. The evaluation of predictive and predisposition genetic tests also requires further development.
The limitations of our genetic knowledge and technical abilities means that for the moment there are likely to be gaps in the information needed to complete a thorough evaluation of many genetic tests. In particular the inability to identify all disease-related mutations makes it difficult to estimate clinical validity. The tension between wanting to use new technology in clinical practice and the delay involved in evaluating a test needs to be acknowledged. This is especially true with the fast pace of technical development in genetic research and the small number of samples for testing in many genetic conditions. However, this should not be accepted as a reason for bypassing the evaluation process. Evaluation may be imperfect and results incomplete, but failure to perform adequate assess-
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